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A. Objectives

1. To eS~.iillate (compute) the beta-dose delivery to. human
skin from land-surface-burst fallout particle~,'indi.viduaJ.J.y and
cull.ecti~e1y depoe.ited o~' the skin. . . .

2. To .compare the computed beta doses with established skin
damage criteria; from. this, to determine condit.ions uncier which
da.m8.ge ;·to ··-the· skin ia exPected.

3.. To investigate the e:ffect cf radionuclide f:raetionation
of fi~Sion7P~~duct inventor,y on beta-dose delivery~

. .

4. To carry out sample calculations of gamma-dose delivery
to the skin from the samepa.r1;iculate-fallout sou:roes.

1. The mechanism of fission-product absorption in fallout

particle material is diffusion controlled.

2: .Radioactive fallout contains 1015 equivalent fissions
per cubic centimeter.

3. Particle-size distribution in fallout is 10g-norma1.

4. Formatio!l of a. skin lesion one millimeter in diameter
constitut~s the threshold for local damage to the skin.

c. Findings

1. Eyuseof the Beta Transmi.ssion~ De~ation and Dissi
pation Model, expected beta doses from single fallout particles
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o.

we1;--':;S·timated for parame~ic vaJ.ues ,of (a}part~ole size_, -(1)) ,

'skin-exPosUre periods and (0) time delays.betweendetona;t1on
and deposition on the sk2n•.

. . " -- .- \

2.' Noa1ngle pertiole ia eXpected to cause skin damB.ge u'
fallout deposits on the skin la~er than three hourS post~detona~
tion.

". 3~ Fraot1onat1on causes a decrease in doee delivery ,by as
much as, a ~actor of two.

4. Gamma.dose.,~C?nstitute~ onl.y a" small fraction of the
total dose delivery from 'smaIier,~articlee. ~e' gamma-to-beta
dose ra~io increases with particle size.
,. ::; .. " - - '- .

5. Estimates of expecteddoeesi'rom multiparticle f8i.lout
deposits were obtained based on both plane-source and particulate
source models. Doses co~~edby the latter model are' strongly
dependent on fallout-particle-size dis~ibution.

6. ~e models developed in the course of this study can
be profitably applledto answer important questions pertaining
to gSmma/beta dose relationehips1 human vu1nerabill~ and cattle/
sheep casua1~ assessments in the post-attack era.

- i'



ABS~RACT

Absorbed beta-radiatioll dose expected from fallout parti
cles deposited on the skin ~~s estimated by use of the Beta
Transmission, negradatio~ and Dissipation (TDD) model and a Con
densed-State Diffusion-Controlled model that describes the
mech~sm of fission-product absorption in fallout. A fission
density of 1015 fissions per cubic centimeter of fallout mater
ial was assumed. Comparison of computed doses with the most re
cent experimental data relative to skin response to beta-energy
deposition leads to the conclusion that even for fallout arrival
times as early as 10' seconds (16.7 minutes post-detonation), no
skin ulceration is expected from single particles 500 micron or
less in diameter.

Doses were estimated for a limited number of particulate
sources containing fractionated fission-product mixtures. Re
sults indicate that extreme fractionation would cut down the
beta dose by a factQr of two.

Absorbed gamma doses calculated for one particle size
(lOO~) show a oeta-to-gamrna rativ of about 15. Dcse ratio for
larger particle sizes will be smaller.

Doses from arrays of fallout particles of different size
distributions were computed, also, for several fallout mass
deposition densities; time intervals required to accumulate
doses sufficient to initiate skin lesions were calculated.

These times depend strongly on the assumed fallout-parti
cle-size distribution. Deposition densities in excess of 100 mg
per square foot of the skin will cause beta burns if fallout
arrival time is less than about three hours, unless the parti
cles are relatively coarse (mean particle diameter more than
250p).

i
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Several
Pri-

I. INTRODUCTION

In 1954, residents of Ro~gelap Atoll in the ~~~hall

Islands were exposed to fallout which a=rived within hours
after detonation of the CASTLE 3~~V0 nuclear device.
of the Atoll's inhabit~~ts suffered se~ere skin burns.
carily as a result of this experience, the possibility of
"beta bl.l..."":!2" from nuclear fc:.llout has been recognized. However,
to date attempts to predict th~ acute or chronic skin effects
that might be expected following exposure to fallo~t have
been liciced. This li~itation results ~ainly fro~ the
laCK of experioental data on the biologic response of the skin
to particulate-source exposur8s, from incomplete understanding
of the relationship of such response to that encountered in
other localized exposures (e.g. collimated x-ray beams) for
which data are available, and from the absence of reliable
beta-dose calculational models. All of these are re~uired

in order to relate dose to observed effect in a manner that
alla~s prediction of the biological effects from knowledge of
the expected fallout interaction.

The literature indica~es that work on the theoretical
aspects of the beta-dose problem has progressed faster than
have experimental efforts. As early as 1956 Loevinger, Japha
and Brownell devised an analytical representation (model) to
calculate beta doses from "discrete radioisotope sources".(l)
By 1966, fo-~ codels were available. (2) Of these models, the
most precise, though complex, is the Transmission, Degradation,
and Dissiuation (TDD)(2) model. The present pape=, based on

the TDD ~odel, presents predicted beta doses which would re
sult from skin deposition of nuclear-weapon fallout particles.

It is expected that a nuclear attack o~ the United States
would result in low-intensity gamma-radiation fields over much

1



of t~e fallout area which would develop. Exposure to the low
~ntensity field would ~ose little or no i~ce~iate or long-term
whole-body ga~~a-radia~ion hazard. However, it has been sug
gested that in suc~ situations contact of individual fallout
particles with exposed skin could constitute a potential hazard.
Individual particles may deposit on the skin via direct deposi
tion during passage of the fallout cloud, or following resus
pension of ~articles at a later time.

Each particle, if radioactive enough, is capable of pro
ducing a lesion. Several particles could reside in the same
general skin area; if they are close enough, their effects
could oe additive, in the sense of causing one lesion. How
ever, at larger particle-separation distances, beta-radiation
dose deliveries would not interact. That is, the dose contri
bution from one particle to the tissue in the vicinity of
another particle would be negligible. This situation will be
treated separately in Sections II through VI. At small parti
cle-separation dist~~ces, estimation of the dose delivered at

any point in tissue would require summation of the dose con
tributions from all particles in the immediate vicinity. This
latter situation is treated separately in Sections VII and VIII.

II. TEE SINGLE-P;JRTICL3 BETA-DOSE MODEL

The TDD model (for single particles) is composed of six
separate semi-independent computer codes. The first (Code 1)
is a nuclide-abundance code which calculates the activity of
each radionuclide generated in the detonation of a nuclear de
vice or weapon. This code also considers radioactive decay and
calculates fission-nuclide activity at any post-detonation time.

2



Coce 2 computes the beta spectrum for each beta-emitting
nuclide, given the end-point energies, beta branching fractions
~d degree of forbiddenness of the beta transitions(3). Out
~ut fro~ this code is a sequence of values representing the pro
bability that a beta particle will be emitted with an energy
be~Neen E and E + AB, where ~ = 0.04 Mev, and where values
for 3 range from 0 to the maximum 6-energy, E. Indivi-max
dual fission-~roduct beta s~ectra have been generated and are
storeJ on tape for use with the composite spectrum code (Code 3).

Code 3 is a composite-spectrum routine which sums the in
dividual beta spectra of the fission-product nuclides with appro
priate weighting for the activity of each contribating nuclide,
as determined by Code 1. Code 3 produces a point-source beta
spectrum at a given time for the specific weapon under consider
ation. Output from this code is a sequence of values represent
ing the number of betas, per energy interval, emitted by the
source.

The electron s~ectrum from a fallout particle (assumed
to be spherical in shape) differs from that produced by a point
source because scattering and absorption processes within the
particle degrade the spect~. Calculation of the extent of
degradation is cooplicated by the fact that in fallout particles
some fission prod~cts are uniformly distributed Within the parti
cle material, others have condensed on the partiole surface,
while the rest behave in an intermediate fashion. (4)

~orts and Norman developed a model(S) - termed the Condensed
State Diffusion Controlled Model - that describes the mechanism
of fission-product absorption in fallout material distributed
in a radioactive cloud following a nuclear detonation. In this
model they assumed that: a. the fallout material is glassy sili
cate; b. the surface of a fallout particle is in equilibrium

3



c. the rate of transfer of fission pro-
of the fallout particle is diffusion
of this Condensed State Diffusion Con-

of a set of radial fission-product-

with the gas ?hase; and
ducts into the interior
controlled. :)ne output
trolled Model consists
concentration profiles in fallout particles of different sizes.
Based on such concentration profiles, Kcrts and Norrean calcu
lated =or each fission product the percentage of total nuclide
present that would diffuse into the particle. In almost all
cases examined, it was found that "loadings" of 0, 25, 50, 62.5,
75, 82.5 and 100% (by weight) could be used to describe the por
tion of fission product present diffusing into the particle.
(The complement8-~ percentage, in each of the 7 classes, repre
sents the portion of the fission product present that remains
at t~e particle surface). Zero-percent diff~sion takes place
when the fission product condenses on the particle surface,
essentially without any diffusion during particle cooling; while
100% diffusion represents complete diffusion, leading to homo
geneous distribution of the fission product in the silicate
~atrix. This Condensed State Diffusion Controlled Model was
used, in the m~~er described below, to provide the geometric
basis for the electron degradation within fallout particles.

Degradation suffered by the emanating electron spec-
trtlI!! is handled by Code 4, a Monte-Carlo program which starts
with a given nllmber of emitted betas in a specified energy in
terval and then computes the loss in electron energy ~d number
due to scattering and absorption processes within the particle.
The code outputs two sets of Monte-Carla-determined energy-de
pendent loss coefficients; set A for the homogeneously-distri
buted fission-product case, and set B for the surface-condensed
case. These coefficients are then applied to the composite beta
spectrum from the point source of fission products (Code 3) by
Code 5. Application of these loss factors is straightforward

4



for the 0% and 100% diffusion cases (in which set B and set A,
respectively, are utilized). For five intermediate diffusion
cases. set A ,vas applied to the percentage diffusing into the
particle, while set B was applied to the percentage remaining
at the surface. Output of Code 5 thus consists of a degraded
beta spectrum emerging from a fallout particle of a ~pecified

size.

Tables 1, 2 and 3 list, respectively, (1) nuclides which
remain entirely at the particle surface, (2) nuclides which
~istribute uniformly within the particle, and (3) nuclides

*with both surface and interior components Within the particle .

*Latest modifications in the Condensed State TIiffusion Controlled
model may cause a few changes in the "loadings" of some nuclides.
However, such changes will not affect the dose calculations to
any appreciable extent.
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TABLE 1

*Nuclides Remaining at Particle Surface

Se - 83

Er - 83,84,85,87

Kr - 85,87,88,89

Rb - 87,88,89

Sr - 89

Ru - 107,108

Rh - 108

Pd - 107

I - 135

Xe - 135,137,138

Cs - 135,136,137,138,139

:Sa - 139

*Energy states of the nucleus do not affect
the behavior of the nuclide from the view
point of diffusion within the particle core.

6



TABLE 2

Nuclides Uniformly Distributed Within Particle

Zn -72

Ga - 72.73,74,75,76

Ge - 75

y - 94,96

z,.. - 95,97

Nb - 95,97,99,100

Mo - 99,101,102

Tc - 99,101,102

Sb - 126

La - 143

Ce - 143,144,145,146

Pr - 143,144,145,146

Nd - 147,149,151

Pm - 147,149,150,151,152,153,154

Sm - 151,153,155,156

Eu - 155,156,157,158,159,160

Gd - 159,161

Tb - 160,161

7



TABLE 3

Nuclides With Both Surface and Interior
Components Within the Particle

~clide

Ge-77
As-77
Ge-78
As-78
As-79
Se-79
As-81
Se-81
Sr-90
Y-90
Kr-91

Rb-91
Sr-91
Y-91
Sr-92
Y-92
Y-93
Zr-93
Tc-l03
Ru-103
Tc -104
Ru-105
Rh-105

8

Fraction on Surface

0.250
0.250
0.250

0.250
0.500

0.500

0.500

0.500

0.750
0.750
0.500

0.500
0.5eo
0·500

0.500

0.500

0.250

0.250

0.250
0.250
0.250
0.250

0.250



Nuclide

Ru-l05
IDt-I06
I'd-I09
I'd-lll
Ag-III
Pd-112
Ag-112
Pd-113
Ag-113
Pd-114
Ag-114
Ag-115
Cd-115
In-II;
Ag-116
Cd-II?
In-117
Cd-lIS
In-lIS
In-119
In-120
In-12l
SlJ.-12I
In-123

TABLE 3 (Cont'o.)

Fraction on Surface

0.750
0.750
0.875
0.750
0.750
0.625
0.625
0.625
0.625
0.625
0.625
0·500
0·500
0.500
0.625
0.625
0.625
0.625
0.625
0.625

0·500
0.500
0.500
0.250
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Nuclide

8n-123
Sb-124
Sn-125
8b-127

Te-127

Sb-128
8b-129

Te-129
1-129

1-130

Te-131
1-131

Te-l32

1-132

Te-133
1-133
Xe-133
1-134

Ea-140

La-140

Ba-14-1
La-141
Ce-141
La-142

TABLE 3 (Cont'd)

Fraction on Surface

0.250

0.250

0.250

0.250

0.250

0.250

0·500

0.500

0·500

0·500

0.500

0·500

0.500

0·500

0·500

0.500

0·500

0.750

0·750
0.750

0·500

0·500

0·500

0.250
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Code 6 operates on the resulting composite degraded spec
tr~ to compute the depth dose rate in tissue. This is based
on energy-Qissipation factors for fast electrons as calcalated
by L. V. Spencer in N3S Monograph 1(6).

The dose-rate, Dt (in rads per hDur), at a tissue depth
Z cc fro~ a ~artic1e of voluxe V c~3, emitting Ne(E o ) beta
pa.:!:"tic1es/sec-cm3 in the energy interval ~E with mean energy

Eo' in Mev (this is the emerging degraded spectrum in the
present work), is given by:

11;= J(x)(dE/dr)E N (E )
o e 0

(1)

",-here k

g

is a constant, which has a value Df 5.76 x 10-5

radog·sec/Mev-hr. relating energy-transpDrt rate
to dose rate.

designates a dimensionless correction factDr for
a semi-infinite absDrber, determined from an
auxiliary Mente-Carlo program.

is the ratio of dose rate at a distance Y (em)
from t~e center of a spherical source (radiUS R
(c~))to the dose rate from a point source at the
same distance (y>~); the ratio is a dimensionless
quantity given by the equation:

3y2 r -L IR2 _ 1"2) (y + R\l
g =~ lO.5 . ~ 4R~ In ~)J

11



J(x) .represents Spencer's energy-dissipation-dis
tribution function evaluated at tissue depth
Z measured in units of the normalizing resi
dual ra::lge, r 0; x = Z P /r , P being the density
of the absorbing medium(6Z

(dE/dr)TI is the stopping nower of the absorber for elec
o trons emitted from the particle with energy Eo.

The resulting dose rates, summed over the composite de
graded spectrum, form ~he output of this part of the model.

The final operation of the composite TDD model integrates
the various dose rates (from each energy interval) computed via
Equation lover time to get the total absorbed dose. I~ practice,
j~ or~er to reduce computation time, the integration is carried
out by the use of time-integrated beta activities derived frem
the inventory code (Code 1) to make up a time-integrated com
posite beta spectrum, which is then degraded and deposited in
tissue as explained above. That is, the time-integration is
done from the start rather than at the last step.

Recently, the six codes have been unified into a single
modified composite program to reduce computer run-time(7). Also,
several new features have been introduced into the composite
program to increase its ability to cope with a variety of beta
dose problems(8).

III. EVALUATION 03' TEE SINGLE-PARTICLE 110n:BL

Validltv of the TDD-model dose predictions has been ex
amined(8) thr~Ugh comparison of the model-computed doses deli
vered by reactor-irradiated uranium carbide particles with:

12



a. Doses from the UC 2 particles measured with a ~-extrapolation

chamoer(9); o. UC 2-particle dose values obtained by a photo

graphic-film dosimetry tec~~i~ue; and c. Dose values computed
through application of a completely independent Monte-Carlo
calculational tec~~que.

Tests included doses at shallow as well as at relatively
large depths (7500~) in tissue, at points directly underneath
the particle ~~d points radially displaced to dist~~ces as far
as 5000 ~icrons. Particles of variable sizes, and reactor irra
diation times of different duration, were also i~cluded in the
comparisons.

Typical results obtained in the compazisons with data
from the extrapolation ch~ber, the Monte-Carlo program, and
the photographic-film exposure technique are presented in
Figures 1, 2 and 3, respectively. The primary conclusions
drawn from the comparisons were(8):

1. On the whole, agreement between values obtained
through use of the composite program and by experimentation
(and exercise of the cited Monte Carlo program) was satisfac
tory.

2. The ranges of particle sizes (85~ to 310~) and time
periods of reactor irradiation (5 min to 24 ~~) considered
appear to have little influence on the extent of agreement
acpieved.

3. Tissue beta-radiation del~very, i.e., absorption,
estimated by the composite TDD model for shallow tissue depths
is invariably higher than that derived from the Monte Carlo cal
culations. As the tissue depth considered increases, agreement
between the TDD model and experimental results improves until

(as shown in Figure 4), at a tissue path length of about

13
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4000 microns, ~he model and test-method values tend to agree.
Such ~elationships a=e in~e~preted as indications that the
model underestimates electron attenuation in the particle
material and overestimates that in tissue.

4. Delay times (tiDe periods bev#een termination o~

reactor irradiation and start of tissue exposure) greater than
approxi~ately 25 hours appear to increase the difference be
tween model predictions and values determined by the test
methods, but not to an ap~reciable degree.

5. Doses measured directly below the particle by photo
graphic-film experiments ag~ee rather well with model predic
tions. An exception to this is for dose locations very close
to the particle, in which situation apparent saturation of
film occurs.

IV. EFFECT OF RADIONUCLIDE FRACTIONATION
ON BETA DOSES FROM SINGLE PARTICLES

?or a land-sur~ace nuclear detonation, local fallout con
sists of the larg2r radioactive particles ~ormed in the explo
sion. Because of radionuclide fractionation, local fallout is
depleted in volatile nuclide mass-chains (such as mass-89 chain)
relative to ref~~ctory mass chains (such as mass-95 chain).
Worldwide fallout, on the other hand, consists of the smaller
particles of debris; it is relatively enriched in volatile mass
chains. The ef~ect o~ ~ractionation on beta doses ~rom ~allout

p~ticles is to produce a variation in the dose delivered by
particles o~ the same size containing the same number o~ equiva
lent fissions (based on abundance of refractory mass chains).
The dif~erence between doses from unfractionated and fractionated
particles depends on the extent of fractionation.

18



~or estimation of beta doses from fallout particles ~on

taining fractionated fission-product mixtures, a suitable method
had tc oe found for estimating the radiochemical composition of
these fractionated mixtures; then the doses had to be calculated
by the same method described in Section II above.

~reiling, et al. CIO ) suggested a semiempirical approach
to estimate the radionuclide abundance in fission-product miX
tures fractionated to variable degrees. Thei~ approach can be
sum~arized as follDws:

1. Consider only those nuclides which, at some time in
the fallout-particle history, contribute significantly to the
dose rate. These nuclides and their isobars form the signifi
cant mass chains.

Although some 90 mass chains are produced in the
thermal-neutron fission of 235U, only about half of these

make, at some time or another, a significant contribution to
*the dose rate. Calculations can be considerably shortened by

co~ideration of these mass chains only.

2. Divide the fission-product elements into refractory
~d volatile groups according to their vapor pressures at the
solidification temperature of the soil pulled u~ward into the
cloud.

The chosen tem~erature used in the calculations re
ported is 1409 ~o, the solidification point of an idealized
eilicate soil~4). Volatile elements are those whose predomin
ant species have a normal boiling point below 1400 °C. These
elements are: As, Se, Hr, Kr, Rb, Mo, Tc, Te, I, Xe and Cs.
All other elements are considered refractory.

This approximation was used for estimation of beta doses from
fractionated particles only.

19



I h' +" .~ t . .,.... T" th tn any mass C._aln, ~ne -,-rae lon, l:R' 0_ 6.1;OmS a
exist in the form of refractory elements at the time of solidi
fication (time at which 1400 °c is reached by the cooling fire
ball), t, is a oeasure of the refl:actory nature of that mass
chain taken as a whole. The value of t is given by the equa-
... .;0,.,(4.)·l.". •

"C (9 ec ) 1.88 wO. 363

where W is the total yield of the weapon in kiloton (Kt).
For 25 Kt and 5 Mt weapons, this equatiDn gives solidification
times of 6 and 41 seconds, respectively.

Values of FR were calculated for the significant mass
chains by Freilinf(lO)~ on the basis of the tables devised by
Bolles and Ballou 11) From these tables, Freiling obtained
the number of atoms of each fission-product mass chain present
in various elemental forms at 6 and 41 seconds following 235U_

thermal-neutron fission. The elemental distributions had been
calculated by 301les and Ballou according to both Present's min
il!lu~-kinetic-energy theory of charge distribution(12) and the

equal-char~e-displacel!lenttheory of Glendenin, Coryell ~~d

Edwards(13J. Freiling carried out calculations of FR on bot~
bases. However, since Glendenin's theory is generally preferred,
the calculations made in this report are based on that treatment
only.

3. Define the abundance of each nuclide in the fraction
ated mixture as the product of its ab~dance in the correspond
ing unfractiD~a~ed mixture (at the solidification time) and a
.,., t . ..... . C .... . _. ( ) 1 - bk h .
~rac ~ona ,,~on orrec "lOrl. .:rac1;or , .rS9, 95' , were.

is the fractionation ratio, or the ratio
of the ~umber of fissions required to pro
duce the ~uantity of mass-89 chain found
in a particular fission-product mixture
(sample, particle) to the number reqUired
to produce the quantity of mass-95 chain
in tb.e same mixture, and

20



is an empirical correlation parameter oDserved
*~a be approximately equal to JFR in debris

from high-yield surface bursts(14)

Figure 5 of reference 10 relates these Fractionation
Correction Factors to th~ fractionation ratio ~89.95 for differ
ent values of FR' With the fractionation ratio parameterized,
the correotion factors used in the dose calculations reported
here were obtained fro~ that Pigure and inputted into the Single
Particle TDD model, which then calculated the fractionated nuclide
inventory at t, calculated the beta spectrum of the mixture at
that point in time, d~cayed it to the desired delay time, inte
grated it ov~r the desired exposure time and finally proceede~

to calculate the beta dose from the particle in the canner de
scribed previously in Section II. Nuclide diffusion into the
fallout particle was taken into account and was handled as ex
plained in Section II.

V. THE SINGLE-P_~TICLE G_~-DOSE MODEL

One of the questions frequently asked about exposure of
human skin to radiation f~om fallout particles is: What is
the relative contribution of Y-radiation to the total absorbed
dose in skin? Is it sufficiently significant so that it should
always be calculated and added to the beta dose before the bio
logical consequences of exposure c~~ be evaluated?

* This relation is approximate. It neglects, among other things,
the change of bk with fallout-particle size. It is, however,
adequate for the present calculations.
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For answers to these ~uestions, a calculational program
~ad to be wTitte~ to estimate ~~e gamma-radiation dose from a
point source containing a mixture of 235U-thermal-neutron-fis

sian products. Similar to the beta program, this program is
a combination of several codes, as follows:

Code 1 is a fission-?roduct abLL~dance code identical
to Code 1 of the beta-dose model. It creates and maintains a
library of fission yields, accepts a library of nuclear con
stants, produces a set of possible decay modes for the nuclides
i::1 tht libraJ.·:-, calculates nuclide inventories immediately after
fission and 1':!Jplies the ge:::Lerated decay schemes to the fission
yields to calculate inventories of nuclides at re~uested delay
ti!!les.

Code 2 is an individual-nuclide-gamma-spectrum code which
stores the gamma spectrum of each nuclide in terms of the num
ber of photons in each energy interval.

The i~ormation from Codes 1 and 2 is combined into a com
posi-~ Y-spectrum code (Code 3). This yields a time-integrated
gamma-spectrum which is a properly weighted composite of all
the individual gamma spectra from the fission-product mixture
of nuclides in the point source of interest.

The last code (Code 4) calculates the gamma dose at speci
fied depths in tissue, with the eguation:

Dr (rad) = [~( e-Ltr ) E (L...r,Ey)Ey] EaC*
4:-:-rL r" p

- L r - I
[
SEyLac*l e t Br(Ltr,Ey)

4:':',0 J r2
I
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where: s is the total number of gammas produced in the
energy interval "centered" on Ey , during the
exposure period

R is the distance from source to target or dose
point p, cm

~ is the total mac~oscopic cross section for all
" processes of attenuation (including scattering,

-:' ) -1_s , em

~ is equal to (~t - ~s)' the macroscopic cross
section for gamma absorption in the medium

-1surrounding p, cm

p is t~e density of medium through which the
gammas pass and in which they are absorbed,
g/cm)

Ey is the average gamma energy of the energy inter
val considered, Mev

c* is the conversion factor from Mev/gram to rad;
it is equal to 1.602 x 10-8

Values of S were provi~ed by the previously described
codes for ener~ interv~s of 0.1 Mev. The macroscopic cross
sections ~t(15) and ~a(~6) for water were used in the absence of

~ore precise values for tissue. Similarly, the density, P, was
taken as 1 gram/cm3, and the bUildup factors were those of water,
obtained from reference 15.
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VI. !lOSE CRI~3RIA FOR SINGLE-P-,UlTICLE EXPOSURE

Serious acute lesio~s of the ski~ are induced primarily
by the destructio~ of the ge=minal cells of the epithelium. In
humans, the subsurface depth of the skin germinal-cell layer
varies ben,een 20 and 250 microns. ~o~ever, for conven-
ie~ce, a single depth of lOO~ is usually chosen to represent
the critical level. The absorbed beta dose (or amount of beta
energy absorbed in an in~initesimally small mass of tissue
surrounding the point of interest) at the point lOO~ deep "under
nea~h" the source (fallout particle) is termed the "Point Depth
Dose" at lOO.u.

For a ccnsiderable period of time, beta-radiation damage
to skin was viewed almost entirely in terms of the estimated

lOO~ point depth dose. noweve=, within recent years, it has
become generally accepted that,for a serious radiation lesion
to occur, the germinal cells must be desiroyed over an area of
skin too large for normal regeneration to replace them within
a reasonable period of time. Of necessity, this has led to con
sideration of area dose absorption (specified by dose at the
periphery) rather than dose absorbed at a specific point.

A sur'vey by Krebs(17)i~ 1967 showed that for an acute
lesio~ of the skin to develop, the viable germinal cells must
be reduced to a survival level of less than 0.001 over an area
sufficiently large to prevent replacement of dead cells (via
cell proliferation) in the margin of the exposure field. The
criterion recommended oy Krebs is that a 1500 rad or greater
dose to the skin, deposited at ~~y poi~t of the equi-dose circle
on the perip~ery of a ~ 88 radius circular field IOO~ deep in
tissue, constitutes a potential skin-damage threat.

24



Krebs derived his conclusio~ from x-ray microbeam studies.

At the time of his evalua~ion, ~itt:e biological-damage data

was available from single-~article investigations. Following

~ublication of v~ebs's conclusions, ~~ ex~erimental study to

test the suggesced criterion was conducted. (16) Irradiated

cicrospheres were used as radiation sources; swine were the ex

peri~ental animals. ~esults obtained in this study showed that

t~e ~i~icUID radiation dose, deposited at the perj~hery of a

4 me radius field, required to produce a very small ulcer (less

than 0.5 om in diameter) is below 405 rads estimated. An ulcer

o~e m~ in diameter was produced following ~bsorption of 660

rads (same field), a 2 mo diamet~· ulcer by about 1150 rads,

etc. If one assumes linearity of the ulcer diameter with (4 mm

radius field) dose (as indicated by the data), then by extrapo

lation a 350 rad delivery would just yield a zero-dia~eter ulcer.

In the work herein discussed, t~e 660 rad dose was used

as the t~~shQld dose for damage to human skin from deposited

fall~ut particles. This ad8ittedly arbitrary t~es~old was

c~ose~ n~ the basis that a one-~illi8eter dia~eter ulcer is

s=all enough to be ccnsidered a threshold for da~age bu~ l~rge

enough to be recognizable. Choice of 350 or 1150 rads as a

thres~old dose does not a~preciab1y affect the conclusions

derived i~ Section IX below.

VII. T33 ~fu~TIPLE-P~~TICLE B3TA-~OSE MO~3L

The multiple-particle beta-dose model is designed for

evaluation of dose situatio~s in which the fallout-particle

deposition density on the skin is of such ma~tude that beta

radiation e~itted from adjacent ~articles is absorbed in the

same tissue volume.
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rwo distinct approa~2es can be used to examine t~e ab
sorbed dose from multiparticle sources. In the first,the

source is viewed as a uniform plane so~ce of strength de
pendent o~ly on the number of 'equivale~t fissions" cf fission
products deposited per u~it area. In the more realistic second

approach, the source is taken to be a group of fallout particles
of size distribution dependent on t2e weapon yield and the dis
tance from groQ~d zero to the depDsition point of interest.

The beta dose delivered by such a source to the skin depends,

in addition to the particle-size distribution, on the fallout
mass deposited per unit area, ~~d on the specific activi~y of
the fallout.

The plane-source approach was pursued by Brown(19), who

used Spencer's plane-source ca~culations to compute beta-dose
rate multipliers for each fission-product beta emitter. 3rown
considered two situations: a. contact dose, where the plane
source lies between an absorbing medium and a backscatterer; and
b. beta bath, where an attenuation medium separates the absorb
ing medium from the plane source.

By use of 3rown's contact-dose multipliers and the out
put from the ab~dance code (Codel) of the TDD program, it was
possible to calculate the dose delivered to the skin from a
plane source of th~ cesired activity level. Results of these
computations are considered later in this Section.

In the second, or particulate, model, the source is
viewed, for purpose of an~lyticalexarnination, as consisting of

superimposed strata of fallout particles, each stratum being

in contact with the skin surface. 3acn stratu~ consists of"
an array of equal-size particles, with separate particles

placed at the intersections of a uniform rectangular plane grid.
Figure 5 illustrates the concept. The dose is estimated at
point X, lOO~ below the central point of the grid plane. By

sUEmation of ~he dose contri~utions from individual particles
as computed by the TDD model, the dose at X can be determined.
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Fig'.lre 5

Schematic of t~e Multiple
Particle Array Concept
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Por calculation of t~e dose at X, dose ~ontributions

from t~e particles closest to I are coo?uted and added. Then
doses from particles aw inc~easing distances from X are added
until the incremental increase in dose falls below a predeter
mined fraction of the initial sum, at which time the calcula
tion steps.

For accuracy, 10 strata of arrays were considered in the
calculations herein repor"ed. ~ach stratuo was assumed to con
tain 10% of the "o~al fallout mass deposited (on a UL~it-area

basis). Particle sizes for the arrays were dete~ined as
fellows:

1. Assume a mean and a maximum particle size for the
fallout deposit. In the first four situations considered, the
means were taken parametrically as 100, 250, 500 and 700g,

each with a fixed maximum of 1000g In a fifth case the mean
waS 1000 and the maximum 2000g .

I • ,

2. .~suming a log-normal distribution\~) of particle

sizes in each case, and with the knowledge of the maximum and
the mean, trace a log-probability line for the particle-size
distribution.

3. Subdivide t~e line into 10 e~ual-probability regions
~~d determine the particle Size, in each region, corresponding
to the midrange pro~ability. use these 10 mean particle sizes
for the strata.

28



Table 4 shows ~~e particle size. ~~d di~ension of unit
cell, for each of the ten particle-size classes of each of the
five par2oetric-distributian cases In all Ilve cases shown
the fallout d~position density was taken as 1000 rng/ftZ. A
si~ilar set 0: values was obtained for each of the ot~er five
~e?osition de~sities (100, 2QO, 500, 2000 ~~d 5000 ~g/ft2).

n,o facts a=~ ~0rth mentioning ~ere: 1. ~or obvious
reasons "he particulate approach is ~uch ~ore realistic than
t~e plane-source approach; 2. For t~e same nucber of equivalent
fissions per unit area. the plane-source computations give dose
7alues higher than the Multiparticle Model by as ouch as an
order of magnitude (see Pigure 6). The discrepancies are due
to both the geometry and the attenuation within particles. The
detailed differences between the dose values resulting from the
~wo approaches depend on the particle-size distribution assumed
in the particulate approach (Pigure 6). For a fixed maximum
size. the difference decreases as t~e mean particle size de
creases. but for the cases considered, a factor of 5 was the
smallest enco~tered.
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TABLE 4

Particle Diameters and Grid Dimensions
Por Fallout Deposition De~ity of 1000 mg/ft2

Case 1: Mean Particle Diameter:
Maximum Particle Diameter:

lOOp

lOOOp

Particle *
Class Dial!leter. u Grid Dimension. em

1 19.6 LOG :x: 10-2

2 35.9 2.37 x 10-2

3 51.3 4·05 x 10-2

4 68.3 6.24 :x: 10-2

5 88.3 9·14 :x: 10-2

6 113.2 1. 32 x 10-1

7 146.6 1.95 x 10-1

8 194.9 2·99 x 10-1

9 278.9 5.12 x 10-1

10 509.4 1.27 x 100

*Grids are assumed to have s~uare geometry. The
dimension given is the length of the side of the
s~ua.re in CID.
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TABLE 4

(Continued.)

Case 2: Mean Particle Diameter:

~~imum Particle Diameter:

250~

1000p

-
Particle

Class Diameter, p Grid Dimensio~ cm

1 93.6 1.00 x 10 1

2 134.7 1.72 x 10-1

3 167.1 2.34 x 10-1

4 198.7 3·09 x 10-1

5 231.8 3·90 x 10-1

6 269.4 4.88 x 10-1

7 314.5 6.13 x 10-1

8 373.6
-1

7.95 x 10 -

9 463.6 1.10 x 10°

10 666.2 1.89 x 10°
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TABLE 4

(Continued)

Case 3: Mean Particle Dia~eter:

~~mum Particle Diameter:

500/1

1000/1

Particle
Class Diameter, /1 Grid Dim~nsion.cm

306.2
-1

1 5.88 x 10 -

2 367.2 7.65 x 10-1

3 409.0 9.11 x 10-1

4 445·8 1.03 x 100

5 481.6 1.16 x 100

6 509. a 1.30 x 100

7 560.8 1.46 x 100

8 611.3 1.66 x 10°

9 680.9 1. 96 x 100

10 816.2 2.56 x 100
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TA3LE 4-

(Continuec.)

Case 4: Mean Particle Diameter:
Maximum Particle Diameter:

70011

100011

Particle
Class Diameter, JJ Grid Dimension, cm

1 543.9 1.40 x 100

2 597.2 1.61 x 100

3 631.2 1. 75 x 100

t>-
659.8 1.87 x 1004

5 686.6 1.98 x 100

6 713.6 2.10 x 10°

7 742.6 2.23 x 100

8 776.2 2.39 x 100

9 820.6 2.60 x 100

10 900.8 2.98 x 100
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TABLE 4

(Continued)

Case 5: Mean Particle TIiameter:
Maximuc Particle Diameter:

1000l'

2000~

Part::"~le

Class Diameter. fJ. Grid TIimension cm

1 612.6 1. 67 x 10°

2 734.3 2.20 x 10°

3 817.9 2.58 x 100

4 891.5 2.93 x 100

5 963.2 3.29 x 100

6 1038.2 3.67 x 100

7 1121.6 4·15 x 100

8 1222.6 4.72 x 100

9 1361. 8 5.53 x 10°

10 1632·5 7.28 x 101
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To date no criterion ~as been explicitly propos~d for
skin damage from mul~iple par~icles. However, the following
points serve as guidelines for establishing such a criterion:

1. As in the case of single-particle sources, damage
to ~he skin will occur when the survival level of the germina
tive cells is reduced to less tr-an 0.001 over an ar~a suffi-
ciently large to preclude replacement of dead cells via pro
liferation. ~17)

2. Such a reduc~ion in su-~ival ac~-urs at a lower
dose level from a ~ultiparticle source than it would from a

single particle. Krebs estimates that a uniform l300-rad
dose from a multiparticle source would cause the same reduc

tion in survival level br~u~ht about by a l500-rad dose from
a single-particle sourr;e~_O

3. In view of the difference between the predicted
single-particle critical dose (1500 rad) and the corresponding
experimentally determined value of 660 rads, an adjustment has
to be made to the suggested multiple-p~rticle value to bring
it into line with experiment.

".,... It seems reasonable to accept a proportional dose
for the multi-particle situation; i.e. (130C/1500)x 660 - 570
~ads. 1hat is, exposure of the skin (lOO~ depth) to a uniform
de?osited dose of 570 rad from a multiple sou-~e will be
assumed sufficient to damage the skin in the manner described
in Section 'iI ab',ve.
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?or all but exceptional situa-

?oi~t dep:~ doses (est~~atec at lGO~ tissue depth di
~ectly belo~ the fallout pa~cicle) and Krebs doses (estimated
at a poi~~ ~adially displaced LJOCp i~ a plane lOOp below the

ski~ surface) we~e co~puted fo~ particles 50. 100, 200. 500,
750 ~d lOOOp :L~ dia=ete~ for each particle size, doses were

." ... -"" ~ 1 ::; 1 .i 1 5 ,.,' 1,,0 (co~pu"ed ~o ... _0 , _0 . _0 ~_Q -v seco~ds of delay time time
between weauon detonation and deTIosition of the TIarticle on
the skin). - ~he fallout partic1e~ were assumed t~ contain 1015

:issio~s TIer cubic centimeter.
;==

tio~s, 10--' fissions/cc is co~sidered the l:Ja.'dmur:J expected
fallout activity. 3eta doses froD fallout of higher fisaion
der~ity can be Detained, by linear extrapclatio~, froD the
values reported here.

?igures 7 cO lL are presenta~iGns of the comput~r-plotted

doses as f1L~c~ions of particle retention time on the skin. It
can be seen fro= ?i5~e 7. which p~esents Krebs doses fo~ the
ear:iest particle arrival ti~e considere~ that Single fallout

particles s~aller tha.~ 500p in diameter, landing on the skin
as early as 103 seconds (16.7 min.) after detonation, will not
cause a."'J.y ski~ b"--'.""":l.s. A single 500,u particle a.!:'riv5_l"-g even
this early ~as to oe retai~ed aoout lO hours befcIe it delivers
the 660 rads re~uired for da~age. Table 5 shows expe~imental

data obtained. at Oak Ridge :i"atio!'-al Laoorat.'}ry (OR.!..'rL) for ex
TIected rete!'-tio~ ti=es of ~a=tIc~es c~ hu~an skin unier normal
~cnditions of teoperat~~ ~d ~unidity(2l). Considering the

.alues in Table 5, it '3 covlous that even a 500p particle
woul~ be incapaole 0: }~Dducing a 1 n~ lesion.
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TABLE 5

*EXPECTED RETENTION TIMES OF PARTICLES ON HUMAN SKIN

Particle Diameter,u

50

100

200

500

750

1000

*From Reference 21

46

Time, Hours

6.8

3·5
2·7

2.2

2.l

2.0

-
T
1.



Figure 8 presents the point depth doses de~ivered by
the same particleD Ullder the same (early arrival) conditions.
Comparison between ?igures 7 and 8 shows that point depth doses
are higher than t~e corresponding Krebs doses by a factor of
102 to 103 , depending on the particle size. Lower ratios cor
respond to larger particle sizes.

From Figures 9 and 11, it can be seen that, after a de
lay of a little over 104 seconds (about 2.8 hours), even a
1000~ particle can be tolerated, provided its retention time
does not exceed its expected value in Table 5.

Figure 11 shows furthert~,after a delay of 105 seconds
(about 28 hours), no single particle of any size can possibly
cause a beta burn (except fer the 1000p particle retained
for an inordinately long time).

2. Particles Containing Fractionated Fission-Product Mixtures

The objective of this Section is to determine the
magnit~de of the effect of fractionation on the beta doses de
livered by fallout particles rather than to obtain a set of
beta-dose values from particles containing fractionated fission
product mixtures. Therefore, the calculations were limited to
four fallout-particle sizes, one device (5 Mt), one theory of

*charge distribution (Glendenin's), one delay time (one hour),
and one exposure period (24 hours). Three values of the frac
tionation ratio (r89 ,95 ; 0.333, 0.1 and 0.01) were postulated,
howEver, to permit investigation of the effect of that parameter
on the doses.

Table 6 contains the FR ~alues calculated by Freiling(lO)

for the significant mass chains in the case under consideration.
As preViously mentioned, the same FR value was used for all the
members of a given mass chain.

* See Section IV.
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TABLE 6

~raction of Atoms (FR) That Exist in the Form

of Refractory Elements at the Time of Solidification

(From Reference 10)

Soli~ification Temperature: 1400 °c
Solidification Time: 41 sec post detonation (5 Mt)

CH..UN FR CHAIN F'R CHAnT FR

83 0.00 105 0.80 141 0.96

84 0.00 106 0.95 142 1.00

85 0.00 107 0·99 143 .1. JO

87 0.00 118 1.00 144 1.00

88 0.00 125 1.00 145 1.00

89 0.00 126 I 1.00 146 1.00

90 0.08 127 1.00 147 1.00

91 0.17 128 l.00 149
~

l.00i92 0.83 129 0·98 151 1.00

I93 0·99 131 0.84 152 1.00

94 0·99 132 0.58 155 l.00

95 1.00 133 0.50

97 1.00 134 0.02

98 1.00 135 0.00

99 0.83 137 0.00

101 0.07 138 0.00

102 0.01 039 0.06

103 0.17 140 0·32
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Table 7 gi"es the calculated point depth doses
an.a Krebs doses fram uniractionatea aJd fractionated so~ces>

while Table 8 depicts the ratios 0: fractionated to their
corresponding ur~ractionated ~oses. As can be seen frore the
~able, the ratios for point depth doses varied from about
0.70 to 0.47, and for Krebs doses fro~ about 0.75 to 0.50, in
dic~ting that even in extreme cases of fractionation, doses
from fractionated sources are lower by a factor of only 2 than
t~ose from unfractionated sources. Although a factor of 2 might
be significant in certain cases, yet due to the uncertainties in
the assumptions involved in the complex computations, further
calculations or refinements did nat seem justified.

B. Garnllia TIoses from Single Particles

In this Section, the goal is to obtain a rough estimate
of the contribution of the gamma dose relative to the beta dose
at the germinal-layer level. The gamma-dose to beta-dose ratio
is naturally affected by several parameters, including particle
size, tissue depth, position of point of interest at which dose
is to be estimated, delay time, exposure time, and fractionation.
_~ adequate idea can, however, be obtained from a limited amount
of computation.

Calculations were made for one particle size (lOOp in dia
meter), one tissue depth (lOOp), one point in tissue (directly
below the particle), and an unfractionated fission-product mix
ture. Several del~y and exposure times were considered, how-'
ever.

Results of the calculations are presented in Table 9.
Tney cover delay times ranging from 103 to 105 seconds and ex
posure times from 1200 seconds to infinity.
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A direct comparison between beta- and gamma-dose contri
butions to the total skin exposure can be made from Figure 15,
in which both types of dose are shown as functions of exposure
time. It is clear that there is more than an order-of-magnitude
difference between the values of the two doses for the particle
size examined. Thus, for 100~ particles, the gamma-dose contri
bution to skin damage appears to be negligible. It is certain,
however, that as the particle size increases, the ely ratio de
creases due to the high absorption and scattering of the betas
within the body of the particle itself, relative to the gammas.
For a better definition of the effect of size on the eh' ratio,
more computations would have to be carried out.

C. Beta Doses From Multiparticle Fallout

Data computed with the Multiparticle Model are shown in
Figures 16 to 40. In these fi~~es, time-integrated doses
from fallout deposition densities of 100, 200, 500, 1000,
2000 and 5000 mg/ft2 , for different particle-size distributions,
have been ulottei as functions of fallout retention time. All
computatio~S are based on 1015 fissions/cc. Delay times of 103,
104 , 105 , 106 and 107 seconds are covered.

Figure 16 shows that for a delay time of 103 seconds
even the lowest deposition density (100 mg/ft 2 ) of particles
of 100~ mean diameter and 1000~ maximum diameter (size distri
bution !), can deliver to the skin, in less than one hour,
more than the 570 rads reQuired for damage in the multiparti
cle situation. However, as seen in Figure 20, the same mass
of fallout but of 10nOV mean diareeter and 2000V maximum diameter
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(size distribution ~) de:ivers a m~~imum of 300 rads only,
even if retained over 100 hours. Other size distributions give
inte~ediate doses.

The situation changes somewhat ac the next higher fall-
. A ?

0ut-arrival(delay) time, 10~ seconds. A 200 mg/ft- deposit of
size distribution A can be tolerated in this case for about
1.5 hours (Figure 21).

After a delay of 105 seconds, a 2000 mg/ft2 deposit of
size distribution A gives the critical 570 rads in about 1.5

- 6
hours (Figure 26); after a delay of 10 seconds (11.5 days)
it takes 5000 mg/ft2 of the same size distribution about ten
hours to cause skin burns (Figure 31). By 107 seconds it be
comes virtually impossible to cause skin dama..!:ie (Figure 36).

Other formulations of output data can be derived from
ohe multiparticle dose computations. A few examples follow:

Table 10 presents one formulation, the effect of expo
sure-initiation time (delay time) on the "Krebs" dose received
by the skin from the same fallout deposition density. The
Table presents doses delivered by two deposition densities,
100 and 2000 mg/ft2 , in each case over 1, 2, 5, 10 and 24
hour exposure periods, all following delays of 24, 48, 72 and
168 hours. Given also are the time periods for which fallout
under these conditions would have to be retained before deli
very of 570 rads takes place if the exposure starts at 24, 48,
72 and 168 hours post-detonatim1. In both parts of the Table,
size-distribution A is assumed.

Another type of output formulation that may be useful
(not illustrated) would Show the skin dose accumulated in one
hour (as an example), starting at fallout arrival or some later
time, as a function of distance from ground zero, for various
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DOSES DELlVER3D TO TEE SXIK

Me~~ Particle Dia~eter: lOO~

}~xi~um Particle Diameter: 1000p

A. Fal1ou~ Depositio~ De~sity: 100 mg!ft2

(= 4 x 1013 fisSions/ft 2 )

1. Doses Received

.H.eten't~on Exposure-Initiation Time
Time

(hours) 24h 48h 72h 168h

1 18 Rad 8 Ra.d 5 Rad 2 REd

2 36 16 10 4

5 84 39 24 9
10 151 73 46 17

2.1 291 153 101 41

2. Retention Times Required to Accumulate 570 Rads

I 76 hours 250 hoursl 600 hOurs' 2400 hours I
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TA.313 :LO (Cont'd)

B. Fallout Deposition Density:

1. Doses Received

2000 rr.g/ft2

( !!! 8 x 1014 fisSions/ft 2)

Retention Exposure-Initiation Time
Time

(hours) 24h 48h 72h 168h

1 <166 Rads 217 Rads 120 Rads 50 Rads

2 912 I 423 230 98

5 2138 998 608 228

10 3862 1879 1182 445
24 7420 3918 2571 1030

2. Retention Times Required to Accumulate 570 Rads

__7_8_TIl_i_n_·_....-o1170 min. 14h 40 min·I"3h 20 min. I

82



weapon yields. T~e figure could be obtained by combining the
dose data of t~is ~or~ with the data of Clark and Cobbin(22)

for example, the latter relating mid-range particle size to
downwind distance from ground zero, for different weapon
yields. It must be recognized that for a given weapon yield
and downwind distance, fallout phenomenology, as exemplified
by the Clark and Coobin approach, specifies uniQuely not only
(1) the mid-range particle size, but also (2) the ground-sur
face deposition density and (3) the times of fallout arrival
and cessation. The uniQue values of the deposition density and
times of arrival and cessation would have to be considered in
the preparation of a family of curves covering a range of
weapon yields. Skin deposition density could be parameterized
at, for example, 100 mg/ft 2 , which would allow for considera
tion of fallout-particle resuspension, or simply for normali
zation to the correct skin-deposition value at each point. A
carefully planned family of curves could thus provide a picture
of those yields and downwind distances at which a I-hour ex
posure to fallout which starts to deposit on the ~kin at arri
val time,or later, would produce the critical skin dose of
570 rad. Such kinds of results could be most useful in post
attack planning.
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X. CONCLUSIONS AND RECOMMENDATIONS

In this report the consequences of deposition of fallout
paI"ticles on human skin are evaluated. The calculations are
based on dose-effects criteria provided by prior experimental
work on the effect of skin exposure to particulate sources of
beta rays.

1. For a single-particle source a beta dose of 660 rad$

received at points on an e~ui-dose circle, 4000~(4 mm) in
radius and 100~ below the skin surface, causes a 1 mom diameter
ulcer. This ulcer size, small enough to be considered a thresh
old indicator, yet large enough to be easily observable, is
therefore taken as the "threshold" for "noticeable" skin damage.
For a multiparticle source, with overlapping radiation fields,
the equivalent effect is produced by a uniform dose f~eld of
570 rads at the germinal-layer level (lOOJAdeep in tissue).

2. On the basis of (1) tbe criterion that 660 rads con
~titute the threshold for producing noticeable local damage to
the skin (beta burn), and (2) the assumption that fallout has
a fission density of 1015 fissions per cubic centimeter, it is
not expected that single fallout particles less than 500~in

diameter would deliver sufficient beta dose to cause such dam
age eve~ if they deposit on the skin as early as 10' seconds
(16.7 minutes) after detonation. The corresponding minimum de
lay in ar:::-ival for a 7501" particle is about two hours, while for
a lOOO~particle it is about three hours. These time estimates
are based on experimentally determined "expected" particle
residence times on the skin. However, after a 24-hour arrival
delay it is extremely unlikely that any single particle will
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cause a beta burn, even for particle residence times far greater

than the expected values.

;. A group of particles deposited on the skin, but separ
ated in geo~etry such that their dose deliveries at any point in
the plane of the gerTIi~l layer do not interact ap~reciably, can
be viewed as a collection of independent single particles. On

the oth~r hand, multiple-particle deposition denotes a situation
in w~~ch par~icles are sufficiently close so that their collective
dose delivery at any particular point in the germinal layer is
appreciably ~igher than that, at the same point, from anyone
particle.

4. In J.ocal fallout, fractionation causes a decrease in

particle dose deli'~=Y. Particles of the same size, containing
fission products resulting from the same number of equivalent

fissions (estimated from their content of refractory fission pro
ducts), may deliver beta doses over a range of a factor of 2, the
differences depending on the degree of fractionation of their

fission-product ~i~ures.

5. Based on limited calculations (for lO~-diameter

particles only), it was concluded that gamma doses from fallout
particles constitute a small fraction (about 5% in the cases con
sidered) of the total dose delivered by the particles to the skin.
For larger particles, the y-to-fi dose ratios are expected to be
higher. More work is needed, however, if ~uantitative values of
the dose ratios are desired for the whole spectrum of fallout
particle size.

6. Multiparticle deposition can be represented by two
models: (1) a simple, but gross, model in which the radio

active source is treated as a uniform plane source; and (2) a
more realistic model in which the source retains its particulate
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configuration but the geometry is idealized into an overlay
(superimposed) structure of arrays. Each array is composed
of equal-size fallout particles located at the corners of
square unit-cells, whose dimensions depend on the fallout de
position density for the particle-size class in ~uestion. All
multiparticle source calculations in this report were based on
the more realistic particle-array model. Some dose comparisons
were made with sa~ple results based on the uniform-plane-source

~odel.

7. For the same fallout deposition density, the plane
source model yielded dose values higher by a minimum of 400%
than those from the particulate (array) model. The discrepancy
becomes greater as the mean fallout-particle size becomes larger.

8. Based on the results of the particulate (array) model,
the main determinations and conclusions regarding skin exposure
to multiparticle fallout can be summarized as follows:

a. Because skin beta doses from fallout are func
tions of several parameters or conditions, including weapo~ type,
weapon yield, fission density, particle-size distribution, type
of soil on which the weapon is detonated, delay time, skin depo
sition density, and atmospheric conditions (which affect parti
cle residence time on the skin), it was obviously not possible
to calculate the doses for all possible combinations of these
parameters or conditions and to obtain, as one ideally shoul~

an envelope of situations under which fallout beta dose repre
sents a t~eat. Rather, calculations .lere carried out for a
representative number of cases chosen to sample as much of the
overall spectrum of situations as possible.

b. Dose delivery is strongly affected by the size
distribution of the particles. For example, on the assumption
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that fallout (of all particle sizes) remains o~ the skin for
10 hours, the calculations show that a 1 gm/ft2 deposit in which
the mean particl~ diameter is lOO~and the maximum is IOOOjL
would cause beta turns even if the fallout arrives as late as

*3 days after detonation . However, if the mean particle size is
lOOOp and the maximum is 2000~, the same deposit would be incap
able of producing a beta burn if it settles on the skin later
than about 17 hours post detonation. Intermediate size distri
butions have limiting arrival times between these two extremes.

c. A similar subset of values can be obtained for
other deposition densities. Further, if any assumption concern
ing the fallout activity, deposition density or residence time
is changed, a totally new set of arrival times is obtained.

The main point that should be made here is that the
parametric approach followed in this report provides a numeri
cal base that can, with a little manipulation, supply the user
with the answers he needs if he is willing to state a particular
set of assumptions that would be acceptable to him and adequate
for his purpose.

9. Several of the eXisting fallout models supply unique
combinations of values for fallout arrival time, deposition
density, particle-size distribution, and specific activity
(fission density). These values can be used as inputs to the
single-or multiple-particle beta-dose models (as the situation
may demand) to predict beta-dose contours. Such contours should
be helpful in casualty assessment and post-attack planning. It
is recommended that such a program be undertaken.

*There is no imnlication here that this would be a realistic
combination of-parameters.
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10. It is recommended also that studies be initiated to
answer the following questions and others in the same category
of interest to civil defense planning:

a. Is it possible to produce beta burns in the feet,
through standing or walking in a contaminated a=ea, under condi
tions where the whole-body gamma dose would not be significant?

b. If the answer to a. is positive, under what cir
cumstances would the beta exposure be the limiting factor?

c. What are the expected beta-dose deliveries to
cattle and sheep? Can these predicted doses be coupled to the
results of the ongoing OCD-sponsored experimental work on beta
effects on animals, to yield cattle- and sheep-casualty assess
ments?

It is felt that the true value of the experimental
work on the effects of beta ~xposure on plants and animals cannot
be realized unless it leads to credible evaluations of the ex
pected losses in the U. S. inventory of these important resources
in the immediate post-attack era. It is believed that the multi
particle TDD model can supply the required linkage between ex
perimental biology and fallout models, the combination of which
is mandatory for plausible casualty appraisals. Confirmation
of the validity of the TDD model predictions by the experimental
(physicS) program desoribed in an early section of this report
provides a f~~w basis for confidence in the calculational
approach.
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